Introduction tion within CKI⑀ that renders the mutant enzyme deficient in its ability to phosphorylate the mPER proteins (Lowrey Circadian rhythms are generated by genetically deteret al., 2000). Remarkably, a human genetic disorder charmined biological clocks (Dunlap, 1999) . In mammals, the acterized by shortened circadian period and advanced circadian timing system is hierarchical with the main sleep phase is associated with a missense mutation in clock located in the suprachiasmatic nuclei (SCN) of the human PER2, and the mutant protein is less effectively anterior hypothalamus (Reppert and Weaver, 2001 maintenance of the mammalian clock. CLOCK:BMAL1 heterodimers drive the rhythmic transcription of three Period genes (mPer1-mPer3 in the Results mouse) and two Cryptochrome genes (mCry1 and mCry2). As the mPER and mCRY proteins are translated,
Clock Gene Expression Profiles in Liver
We focused our studies on liver in which temporal changes in clock protein biochemistry can be readily monitored in vivo. We first evaluated clock gene RNA Figure S1 , available online at http://www.cell.com/cgi/ levels in liver by RNase protection assay. content/full/107/7/855/DC1). mPer1, mPer2, mCry1, and mCry2 each exhibited a PER1 and mPER2 levels showed striking temporal circadian rhythm in RNA levels during the first day in changes in both abundance and electrophoretic mobility constant darkness. For mPer1, mPer2, and mCry2, RNA ( Figure 1B )(quantitated in Figure 1A , solid lines) over the levels peaked at CT 9, whereas mCry1 RNA levels circadian cycle. Low abundance occurred at CT 06. Both peaked at CT 15 ( Figure 1A, dashed lines) . The amplitude abundance and low mobility forms increased with time, of the mCry RNA rhythms was Ͻ5% that of the mPer1 with each reaching a maximum at CT 15 and 18. At these and mPer2 oscillations. Bmal1 and Clock RNA oscillatimes, the immunoreactive bands for both mPER1 and tions were antiphase to those of the mPer and mCry2 mPER2 were broad, with each spanning 25 kDa. From CT RNA rhythms, with peak values from CT 21 to CT 3. 21-03, abundance decreased, with the apparent higher These clock gene expression patterns are similar to molecular weight forms predominating; this was espethose reported previously in liver and skeletal muscle cially apparent for mPER1 ( Figure 1B Figure S2 , see above URL). 12 and CT 21 identifies this period as being dominated Both mCRY1 and mCRY2 also showed circadian by transcriptional inhibition. changes in abundance in liver, but these rhythms were of smaller amplitudes than those exhibited by the mPER proteins ( Figures 1A and 1B) . The timing of the mCRY2 Clock Proteins Exhibit Circadian Rhythms protein rhythm was similar to that found for the mPER in Abundance and Phosphorylation proteins ( Figure 1A ). For mCRY1, the timing of the To biochemically characterize clock proteins in vivo, rhythm was delayed, with peak abundance occurring we generated specific antisera against fusion protein 6 hr later (CT 21) than peak abundance for the mPER fragments derived from mPER1, mPER2, BMAL1, and mCRY2 rhythms. The delayed timing of the mCRY1 CLOCK, and CKI⑀. Commercially available antisera were rhythm parallels the delayed phase of the mCry1 RNA used to examine mCRY1 and mCRY2. The specificity of each antiserum was characterized (see Supplemental rhythm ( Figure 1A ). Neither mCRY1 nor mCRY2 showed detectable temporal changes in electrophoretic mo-Ͼ90% of the high molecular weight forms to a single lower molecular weight band ( Figure 1C ) that migrated bility.
CKI⑀ was moderately expressed in liver, but did not with a molecular weight similar to the in vitro translated protein. For CLOCK, phosphatase treatment at CT 15 show a circadian rhythm in abundance or detectable changes in electrophoretic mobility ( Figure 1B) . resolved the 4 bands into two-the 120 and 105 kDa species. Treatment of immune complexes with phos-BMAL1 exhibited a daily rhythm in both abundance and electrophoretic mobility, with each peaking from CT phatase and vanadate, a phosphatase inhibitor, prevented the phosphatase-induced mobility changes for 15-03 ( Figure 1B) . At the peak times, the mobility change was due to an increase in abundance of lower molecular all of the clock proteins examined, confirming that they were indeed due to phosphorylation ( Figure 1C ). It is weight forms. The increase in abundance of both the lower and higher molecular weight species contributed possible that the mCRY proteins and CKI⑀ are also phosphorylated (e.g., CKI⑀ is autophosphorylated in vitro; to the overall increase in BMAL1 abundance. Surprisingly, the lowest level of BMAL1 occurred at CT 06, the Lowrey et al., 2000), but this was not detected as a shift in electrophoretic mobility on Western blots. time predicted for maximal transcriptional enhancement of mPer1 and mPer2 ( Figures 1A and 1B) . Only the high molecular weight form was apparent at this time (conPhosphorylated Multimeric Complexes Correlate with Negative Transcriptional Regulation firmed below).
For CLOCK, there was no consistent circadian change We examined in vivo protein interactions over the circadian cycle by incubating liver extracts with clock protein in overall protein abundance ( Figures 1A and 1B BMAL1 also detected at CT 6 and 9. Predominantly hyperphosphorylated mPER1 was copurified, while both became apparent (red asterisks), one larger than the 120 kDa band and one between the 120 and 105 kDa hypo-and hyperphosphorylated mPER2 were coprecipitated. The mPERs, mCRYs, and CKI⑀ were not debands; these two, newly formed bands became the predominant species from CT 15-21. At CT 24 and 03, all tected in CLOCK-containing immune complexes at CT 06 and 09. 4 bands were again clearly expressed.
To determine whether the mobility changes in mPER1, Immunoprecipitated BMAL1 also showed daily changes in abundance and phosphorylation similar to mPER2, BMAL1, and CLOCK are due to changes in phosphorylation, liver extracts were incubated with the those described for total extracts (Figure 2) . CLOCK, mPER1, mPER2, mCRY1, mCRY2, and CKI⑀ each copurappropriate antisera and the immune complexes were treated with lambda protein phosphatase. For mPER1, ified with BMAL1 in a time-dependent manner, with the mPERs, mCRYs, and CKI⑀ in the immune complexes at mPER2, and BMAL1, phosphatase treatment changed CT 15 and 18, but not detected at CT 6 and 9. Again, pressed in the cytoplasm at all times examined, and mCRY1 and mCRY2 levels in cytoplasm exceeded even predominantly phosphorylated mPER1 and mPER2 were coprecipitated. Both phosphorylated and nonthe peak levels expressed in the nucleus. These results suggest that the mCRY proteins are highly expressed phosphorylated forms of CLOCK coprecipitated with BMAL1.
throughout the circadian cycle and that their rhythmic presence in the nucleus is not determined simply by Immunoprecipitated mPER1 and mPER2 both showed the same temporal pattern as in total extracts, cytoplasmic availability; that is, nuclear entry is regulated (see below). In contrast, mPER1 abundance in the with prominent daily changes in abundance and mobility (Figure 2 ). The other 6 clock proteins copurified with nucleus was correlated with mPER1 in cytoplasm, and the temporal alteration in mobility suggests that phoseach of the mPER proteins in a time-dependent manner, with the most prominent interactions, once again, at CT phorylation of mPER1 is associated with its nuclear location. blotted. Histone H3 served as a positive control for chromatin-bound protein; it was indeed chromatin-bound, and not detected in the remaining soluble fraction (data Clock Protein Complexes Occur Predominantly in the Nucleus not shown). UAP56, a nuclear-bound factor involved in pre mRNA splicing by the spliceosome, served as a If multimeric, phosphorylated complexes are important for transcriptional inhibition, they should be found in negative control for nuclear proteins not bound to chromatin; UAP56 was present in total nuclear extracts, but the nucleus. We therefore used cell fractionation and Western blot analysis to examine the cellular location was not detected in the chromatin-bound material (Figure 4B ). Both the phosphorylated and nonphosphoryof the 7 clock proteins over the circadian cycle.
There was a striking circadian rhythm in the nuclear lated forms of full-length CLOCK were bound to chromatin at CT 06, with only the phosphorylated forms bound localization of mPER1, mPER2, mCRY1, mCRY2, and CKI⑀, with the proteins detected in the nucleus predomiat CT 15 ( Figure 4B ). Thus, phosphorylation does not substantially alter CLOCK's ability to bind DNA. nantly at CT 12, 15, 18, and 21 ( Figure 3 ). Moreover, it was mainly the highly phosphorylated forms of mPER1, To determine whether the multimeric clock protein complexes were associated with DNA-bound CLOCK at mPER2, CLOCK, and BMAL1 that were located in the nucleus at these circadian times ( lower levels of the mPER and mCRY proteins detected in the CLOCK-chromatin complex at CT 15, compared mCRY1, mCRY2, and CKI⑀ were predominantly ex- PCR analysis of the DNA in the CLOCK-chromatin nuclear translocation of the mCRY proteins, we examined the subcellular location of the mCRY proteins in complex showed that CLOCK is indeed bound specifically to mPer1 E boxes at both CT 06 and CT 15 (results liver extracts from mPer1/mPer2 double-mutant mice at CT 18. In the mutant animals, which lack mPER1 and from 2 nd mPer1 E box shown in Figure 4D , lanes 6 and 7). Using anti-BMAL1 antibodies to immunoprecipitate functional mPER2 (Bae et al., 2001; Supplemental Figure  S1 , see above URL), Western analysis of fractionated crosslinked chromatin, we found that BMAL1 was also specifically bound to the E boxes at both circadian times liver extracts showed that mCRY1 and mCRY2 were prominent in the cytoplasm, but only weakly detected ( Figure 4D, lanes 8 and 9) . The mPer1 E box was not amplified when crosslinked chromatin was immunoprein the nucleus ( Figure 5C ). Thus, the temporal increase in abundance of the mPER proteins appears to be critical cipitated with a nonspecific (HA) antibody ( Figure 4D,  lanes 10 and 11) . In addition, primers that amplify a for mCRY:mPER interactions and nuclear translocation. . As detailed respective of the temporal profiles of protein abundance observed in total cell extracts (e.g., the delayed rhythmic below, Western blot analysis of liver extracts provides a more mechanistic explanation for the mPER changes profile of mCRY1 and lack of rhythmicity for CKI⑀). The only change in protein abundance that correlates with induced by mCRY deficiency. mPER1 abundance in mCRY-deficient mice was comthis influx of negative regulators to the nucleus is the rhythmic appearance of mPER (Figures 1 and 3) . parable at CT 6 and 18, and similar to the high protein levels seen at CT 18 in wild-type mice ( Figure 6A ). MoreWe also found that the abundance of CLOCK was in molar excess of BMAL1. Although BMAL1 appears to over, the presence of highly phosphorylated mPER1, normally seen at CT 18 in wild-type mice, was clearly be rate limiting for heterodimer formation with CLOCK, there are clearly other events, such as phosphorylation apparent at both clock times in total extracts from the mutant animals. Subcellular fractionation studies and association with other clock proteins that may be important for regulating transcriptional activity of the showed that mPER1 levels were actually increased in heterodimer.
the cytoplasm of mCRY-deficient mice, relative to the amount of cytoplasmic mPER1 normally found at CT 18 ( Figure 6B ). The cytoplasmic increase in mPER1 in Protein Function Deficits in mCRY-Deficient Mice Having established the time course of clock protein mCRY-deficient livers was likely due to a defect in the nuclear transport of mPER1, because only a very small phosphorylation, interactions, and subcellular localiza- portion of hyperphosphorylated protein was found in tated CKI⑀ coprecipitated only hyperphosphorylated mPER1, but both hypo-and hyperphosphorylated forms the nucleus of the mutant mice ( Figure 6B ). At CT 18, mPER1 abundance in wild-type liver was distributed of mPER2 ( Figure 6C ). The same associations occurred in the livers of mCRY-deficient mice, but at reduced equally between cytoplasm and nucleus, with the more highly phosphorylated forms localized to the nuclear levels. Thus, the mCRY proteins are not necessary for CKI⑀:mPER associations. compartment. Therefore, the mCRY proteins do not appreciably influence mPER1 expression, phosphorylaThere was also a decrease in mCLOCK levels and phosphorylation in mCRY-deficient animals ( Figure 6A) . tion, or stability per se. What is defective in the absence of mCRY proteins is the ability of mPER1 to assume a The mCLOCK banding pattern on Western blots of total extracts from mCRY-deficient mice revealed mainly the nuclear location.
Similar to the ICC findings in the SCN, mPER2 abunnonphosphorylated CLOCK isoforms, similar to that seen at CT 6 in wild-types ( Figure 6A ). In the nucleus, dance was greatly reduced in the livers of mCRY-deficient mice ( Figure 6A ). Subcellular fractionation studies however, both phosphorylated and nonphosphorylated CLOCK were present in mCRY-deficient animals (Figure showed that the vast majority of mPER2 in the mutant mice was cytoplasmic ( Figure 6B ). With longer expo-6D). This contrasts with CT 18 in which phosphorylated full-length CLOCK is the major form normally found in sures, it was possible to detect some mPER2 in the nucleus ( Figure 6B ). Importantly, less mobile (hyperthe nucleus (Figures 3 and 6D) . BMAL1 levels were substantially reduced in mCRY-deficient mice, consistent phosphorylated) forms were found in both the cytoplasm and nucleus with longer film exposure, showing that with the low BMAL1 RNA levels reported in these animals (Shearman et al., 2000b). Only phosphorylated mPER2 can be phosphorylated in mCRY-deficient animals. Assuming that mPER2 synthesis is high in the BMAL1 was found in the nucleus of CRY-deficient mice ( Figure 6D ). mutant animals because of the high RNA levels, it would appear that mPER2 can be phosphorylated in the We also used immunoprecipitation to increase the signal/noise ratio to examine the importance of the mCRY-deficient mice, but that the protein is very unstable in the absence of interaction with the mCRY proteins. mCRY proteins for formation of PER/CLOCK complexes. When nuclear mPER1 immune complexes were The marked decrease in mPER1 and mPER2 levels in the nucleus of mCRY-deficient mice was also associexamined for CLOCK in mCRY-deficient mice, the transcription factor was not detected, providing strong eviated with a marked decrease in nuclear CKI⑀ abundance ( Figure 6B ). Like mPER1 abundance, CKI⑀ levels were dence against direct PER:CLOCK interactions ( Figure  6E ). This data provides direct in vivo evidence that CRY actually increased in the cytoplasm of mCRY-deficient livers (Figure 6B) , suggesting that the mCRYs are also proteins are necessary for mPER1, and probably mPER2, associations with CLOCK. This concurs with important for nuclear translocation of CKI⑀, perhaps by stabilization of an mPER:CKI⑀ complex. Immunoprecipiprotein:protein interaction data in yeast in which direct
Clock Protein Phosphorylation in tau Mutant Hamsters
We examined the temporal profiles of clock protein abundance and phosphorylation in homozygous tau mutant Syrian hamsters. Mutant CKI⑀ can bind mPER1 and mPER2 in vitro but has a markedly decreased ability to phosphorylate the mPER proteins (Lowrey et al., 2000) . This suggested that CKI⑀-mediated phosphorylation of the Syrian hamster (sh) PER proteins in vivo might also be severely reduced. Remarkably, both wild-type and homozygous tau mutant animals exhibited robust circadian rhythms in shPER1 and shPER2 abundance and phosphorylation ( Figure 7A ). Similar shPER protein abundance and phosphorylation were also found in the kidney and cerebellum of tau mutant hamsters (data not shown). These results suggest that CKI⑀ is not the only kinase that phosphorylates the shPER proteins (see below). The overall amount of shPER1 and shPER2 in tau mutants was less than in wild-types ( Figure 7A ), which probably reflects decreased synthesis, as the shPer RNA rhythms are blunted in tau mutant hamsters (Lowrey et al., 2000) .
The temporal phosphorylation pattern of CLOCK in tau mutant hamsters was also clearly apparent. Using the phosphorylation pattern of CLOCK as an index of the negative transcriptional phase, it appeared that the 4 hr loss in circadian period manifested by the mutant animals at both the behavioral and molecular levels was equally reflected in the positive and negative aspects of the feedback loops ( Figure 7A) ; that is, there was no apparent 4 hr asymmetry in the positive and negative or CKI⑀ coprecipitated the other kinase, as well as shPER1 and shPER2 in both wild-type and tau mutant The regulation of CKI␦ levels and interactions in mouse liver were strikingly similar to those of CKI⑀. CKI␦ animals ( Figure 7E ). The major difference between wildtypes and mutants was decreased levels of the shPER levels did not vary over the circadian cycle in total liver extracts (Supplemental Figure S6A, see above URL) .
proteins coprecipitated in tau mutants ( Figure 7E ). There was, however, a pronounced circadian oscillation in nuclear localization, with the kinase prominently deDiscussion tected in the nucleus from CT 12-24 ( Figure 7C) . Moreover, immunoprecipitated CLOCK, BMAL1, mPER1, We have uncovered several important features of clock protein regulation in mammals. Our results suggest that mPER2, CRY1, and CRY2 each coprecipitated CKI␦ in a time-dependent manner, with coprecipitations at CT temporal changes in clock protein phosphorylation, interactions, and subcellular localization play a vital role 15 and 18, but not at CT 06 and 09 (Supplemental Figure  S6B, 
